CD1d-restricted natural killer T (NKT) cells are innate-like T cells with potent immunomodulatory function via rapid production of both Th1 and Th2 cytokines. NKT cells comprise well-characterized type I NKT cells, which can be detected by α-galactosylceramide-loaded CD1d tetramers, and less-studied type II NKT cells, which do not recognize α-galactosylceramide. Here we characterized type II NKT cells on a polyclonal level by using a Jα18-deficient IL-4 reporter mouse model. This model allows us to track type II NTK cells by the GFP + TCRβ + phenotype in the thymus and liver. We found type II NKT cells, like type I NKT cells, exhibit an activated phenotype and are dependent on the transcriptional regulator promyelocytic leukemia zinc finger (PLZF) and the adaptor molecule signaling lymphocyte activation molecule-associated protein (SAP) for their development. Type II NKT cells are potently activated by β-D -glucopyranosylceramide (β-GlcCer) but not sulfatide or phospholipids in a CD1d-dependent manner, with the stimulatory capacity of β-GlcCer influenced by acyl chain length. Compared with type I NKT cells, type II NKT cells produce lower levels of IFN-γ but comparable amounts of IL-13 in response to polyclonal T-cell receptor stimulation, suggesting they may play different roles in regulating immune responses. Furthermore, type II NKT cells can be activated by CpG oligodeoxynucletides to produce IFN-γ, but not IL-4 or IL-13. Importantly, CpG-activated type II NKT cells contribute to the antitumor effect of CpG in the B16 melanoma model. Taken together, our data reveal the characteristics of polyclonal type II NKT cells and their potential role in antitumor immunotherapy.
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T-cell development | tumor immunity N atural killer T (NKT) cells are a distinct subset of T cells that recognize lipid antigens presented by CD1d (1) . NKT cells are divided into two subsets: type I and type II. Type I NKT cells express an invariant T-cell receptor (TCR)α chain (Vα24Jα18 in humans and Vα14Jα18 in mice) and can be detected by CD1d/ α-GalCer tetramers. Notably, a small population of CD1d/α-GalCer tetramer-positive cells in mice was reported to use canonical Vα10Jα50 rearrangement (2) . The availability of CD1d/α-GalCer tetramers allows for the tracking of type I NKT cells and has been instrumental in defining the developmental program and biological functions of type I NKT cells. In contrast, type II NKT cells express a more diverse TCR repertoire and do not bind to CD1d/α-GalCer tetramers. A fraction of type II NKT cells has been reported to recognize sulfatide (3) . However, CD1d/sulfatide tetramers have not been widely used to characterize type II NKT cells because of high background staining and low stability. Because of the lack of a direct method to identify type II NKT cells in vivo, the overall knowledge of type II NKT cells remains very limited. However, type II NKT cells are more prevalent than type I NKT cells in humans and are known to accumulate and play a role in several diseases, such as ulcerative colitis, hepatitis, and multiple myeloma (4) (5) (6) (7) (8) (9) . Therefore, a more in-depth characterization of type II NKT cells is warranted to better understand their regulation and function in health and disease.
The distinct phenotypic and functional properties of type I NKT cells are mostly attributed to their unique developmental pathway (10, 11) . Type I NKT cells are positively selected by CD1d-expressing thymocytes that provide unique costimulatory signals to NKT cell precursors through homotypic interactions with signaling lymphocytic activation molecule family receptors. These interactions lead to the recruitment of signaling lymphocyte activation molecule-associated protein (SAP), the Src-family kinase Fyn, and downstream activation of NF-κB (12) . After positive selection, TCR signaling by agonist self-ligands leads to the induction of promyelocytic leukemia zinc finger (PLZF), which directs acquisition of the activated phenotype and effector program of type I NKT cells (13, 14) . Studies with TCR transgenic mice expressing a clonotypic type II NKT TCR have shown that the majority of the transgene-positive T cells express NKlineage markers, have an activated phenotype, and secrete large amounts of IL-4 and IFN-γ upon activation, similar to type I NKT cells (15) . However, it is still unknown whether type II NKT cells follow the unique developmental pathway of type I NKT cells.
Type I NKT cells are activated early during a variety of infections and contribute to the subsequent development of adaptive immune responses. During infection, type I NKT cells can be activated directly by microbial glycolipids or indirectly by inflammatory cytokines produced through Toll-like receptor (TLR)-mediated signaling and/or self-lipids presented by CD1d (16, 17) . The respective roles of each TLR pathway in dendritic cells (DCs) on the activation of type I NKT cells have been reported. TLR9-activated DCs have the most potent effect on IFN-γ production by type I NKT cells, followed by TLR7 and TLR4 (18) . Recent studies showed that CpG oligodeoxynucleotides (ODNs), TLR9 agonists, activate type I NKT cells through IL-12 or type I IFN produced by DCs and glycosphingolipids presented by CD1d-expressing myeloid DCs (18, 19) . CpG ODNs have a strong antitumor effect in a variety of tumor models. Notably, in the B16 metastatic melanoma model, the CpG-mediated antitumor effect is in part through type I NKT cells (18) . In Significance Type I and type II natural killer T (NKT) cells are unique T-cell types with potent immunomodulatory functions. Because of lack of markers available to track type II NKT cells, this subset has not been as extensively studied as type I NKT cells. In this study we used a unique mouse model as a tool to decipher the developmental requirements, antigen specificity, and functional potential of type II NKT cells. We found that even though type I and type II NKT cells exhibited similar developmental needs, they were functionally distinct. In addition, we demonstrated a means of harnessing the therapeutic potential of these cells in cancer immunity by transforming their tumorsuppressive functions into a protective response.
contrast to type I NKT cells, the roles of type II NKT cells in tumor models are typically associated with suppression of tumor immunosurveillance through secretion of IL-13 (20) (21) (22) (23) . Consistent with previous studies, we found that approximately 90% of hepatic type I NKT cells were GFP-positive in naïve 4get mice (Fig. 1A) . Because type II NKT cells contribute to the early burst of IL-4 induced by anti-CD3 (24), it is conceivable that they also constitutively express IL-4 transcripts and spontaneously express GFP in 4get mice. In fact, 4get mice had a population of GFP-expressing T cells that was CD1d/α-GalCer tetramer negative (Fig. 1A) . To determine whether this population was type II NKT cells and therefore CD1d restricted, we compared GFP + TCRβ + cells in Jα18 −/− 4get mice (lacking type I NKT cells) and CD1d −/− 4get mice (lacking type I and II NKT cells). We found that the percentage and absolute number of GFP + TCRβ + cells were decreased by 80-85% in the thymus and liver of CD1d −/− 4get mice compared with Jα18 −/− 4get mice ( Fig.1 B-D β-GlcCer Is a Potent Self-Antigen for 4get + Type II NKT Cells. To explore the diversity of lipid antigens involved in the activation of type II NKT cells, we examined the stimulatory capacity of a panel of synthetic lipids on short-term 4get + type II NKT cell cultures. We found that several types of lipids, including β-GlcCer, β-GalCer, and Lyso-PE, can stimulate 4get + type II NKT cells to secrete significant amounts of IFN-γ when presented by CD1d-expressing bone marrow-derived DCs (BMDCs) (Fig. 2E ). This stimulatory effect was abolished when CD1d −/− BMDCs were used as antigen-presenting cells (APCs). Similar to type I NKT cells, the recognition of β-GlcCer by 4get
+ type II NKT cells showed a preference for β-GlcCer C12:0 and C24:1 (27) . In addition, β-GlcCer more potently activated type II NKT cells than each corresponding β-GalCer, suggesting that carbohydrate head group as well as the Nacyl chain of glycolipids can affect their recognition by type II NKT cells. In contrast, none of the phospholipids tested has stimulatory activity, except Lyso-PE. We also found that 4get + type II NKT cells did not produce a significant amount of cytokines in response to sulfatide stimulation, suggesting that the frequency of sulfatidereactive type II NKT cells in 4get + type II NKT cells was very low.
PLZF and SAP Are Required for the Development of Type II NKT Cells.
The transcriptional regulator PLZF has been reported as a key factor in establishing the type I NKT cell lineage and effector functions (13, 14) . Given the phenotypic similarity between type I and type II NKT cells, it is likely that the development of type II NKT cells might depend on the same transcriptional regulator. Consistent with this notion, we found that PLZF was highly expressed in thymic 4get + type II NKT cells (Fig. 3A) . To further bolster the dependency of type II NKT cell development on PLZF, Jα18 (31) . To better understand the functional potential of type II NKT cells, we compared the cytokine-producing capacity of sorted 4get + type II NKT cells with that of type I NKT cells. We found that type I and type II NKT cells produced the same major cytokines, such as IFN-γ, IL-4, IL-13, and GM-CSF, upon activation with anti-CD3 (Fig. 4A) . Compared with type I NKT cells, type II NKT cells produced lower levels of IFN-γ and IL-4 but similar levels of IL-13 and GM-CSF in response to anti-CD3 stimulation. Additionally, 4get
+ type II NKT cells produced substantial amounts of cytokines when stimulated with BMDCs from CD1dTg mice. Similar to anti-CD3 stimulation, less IFN-γ, but comparable amounts of IL-13 and GM-CSF, were detected in cocultures of 4get + type II NKT cells and CD1dTg BMDC, compared with cocultures containing type I NKT cells (Fig. 4B) . This response was inhibited by anti-CD1d, that confirming 4get
+ type II NKT cells are indeed CD1d-restricted. To evaluate the cytokine-producing ability of type I and type II NKT cells in the same mice under the same stimulatory condition, we injected 4get mice with anti-CD3 mAb. Thirty minutes after injection, cytokine production by type I (GFP (Fig. 4C) . In contrast, the percentages of IL-13 and GM-CSF-producing type II NKT cells were similar to that of type I NKT cells. The distinct cytokine-producing capacity of these two NKT cell subsets suggests that they may play distinct roles in the regulation of immune responses.
CpG ODN Induces IFN-γ Production by Type II NKT Cells in Vitro and in
Vivo. Efforts to modulate NKT cell effector functions have ranged from treatment for autoimmune disease to antitumor immunotherapy (32) . Among them, CpG ODN, a potent adjuvant in cancer immunotherapy, promotes the production of IFN-γ, but not IL-4, by type I NKT cells (18) . Furthermore, CpG-activated type I NKT cells have been shown to contribute to protection against B16 melanoma (18, 33) . However, the effect of CpG on type II NKT cells remains unknown. To address this question, we first examined the response of type II NKT cells to CpG-sensitized DCs in vitro. We found that type II NKT cells produced IFN-γ, but not IL-4 or IL-13, in response to CpGtreated DCs. The production of IFN-γ was partially blocked by anti-CD1d antibody, indicating that full activation of type II NKT cells by CpG was dependent on CD1d (Fig. 5A) .
To study the effect of CpG on type II NKT cells in vivo, Jα18 −/− 4get mice were injected with CpG. As shown in Fig. 5 B and C, early activation markers like CD25 and CD69 were upregulated on type II NKT cells, and IFN-γ production was also detected upon CpG stimulation. To investigate whether activation of type II NKT cells leads to transactivation of other cell types, the expression level of CD69 on various cell types and IFN-γ production of NK cells in WT, Jα18 −/− , and CD1d −/− mice after CpG injection were compared. The expression level of CD69 on CD8 + T cells was increased in Jα18 −/− mice compared with CD1d −/− mice, suggesting that CpG-activated type II NKT cells can transactivate CD8
+ T cells but not other cells types (Fig. 5D) . Additionally, the percentage of IFN-γ-producing NK cells was significantly higher in WT mice but comparable between Jα18 −/− and CD1d −/− mice (Fig. S3) . Collectively, these data demonstrate that type II NKT cells can be activated by CpG to produce IFN-γ both in vitro and in vivo. Furthermore, CpG-mediated type II NKT cell activation can enhance the activation of CD8 + T cells.
Type II NKT Cells Enhance the Antitumor Effect of CpG in B16
Melanoma. To assess the role of type II NKT cells in CpGmediated immunotherapy, WT, Jα18
, and CD1d −/− mice were inoculated s.c. with B16 melanoma cells, and tumor growth in PBS-or CpG-treated mice was monitored. CpG treatment significantly reduced tumor growth in all mouse strains tested (Fig.  6A) . Notably, the tumor volume in CpG-treated Jα18 −/− mice was significantly smaller than those in CpG-treated CD1d −/− mice, suggesting that CpG-mediated antitumor effect is in part through type II NKT cells. Moreover, the reduction in tumor growth was even greater in CpG-treated WT mice, suggesting that both NKT cell subsets contribute to the antitumor activity of CpG.
Analysis of tumor-infiltrating cells showed that CpG treatment induced a significantly higher percentage of infiltrating CD45 + cells in WT mice than in Jα18 −/− and CD1d −/− mice. However, no significant differences in the number and composition of tumorinfiltrating leukocyte subsets were detected between CpG-treated Jα18 −/− and CD1d −/− mice ( Fig. 6B and Fig. S4 ). Nonetheless, CpG-treated Jα18 −/− mice had significantly higher proportions of IFN-γ-producing CD8 + T cells compared with CD1d −/− mice (Fig. 6B) . Taken together, our data suggests that type II NKT cells can contribute to the antitumor effect of CpG by augmenting CD8 + T-cell responses. (Fig. 2D) . However, very few type II NKT cells in Jα18 −/− 4get mice express Vα3.2, whereas more than 20% of their wild-type counterparts (defined as GFP
+

TCRβ
+ CD1d/α-GalCer − in 4get mice) are Vα3.2-positive (Fig. S5A) . This difference may be due to an unintended effect of gene modification of the Jα18 locus. A recent report has shown that transcription of TCRα gene rearrangements involving J segments upstream of Jα18 is impaired in Jα18 −/− mice (35) . Despite some differences in their TCRα repertoire, we found that type II NKT cells in Jα18 −/− 4get mice closely resemble those from WT mice in terms of their surface phenotype and cytokine-producing capacity (Fig. 4 and Fig. S5B ). This supports the validity of using GFP
+
TCRβ
+ cells in Jα18
−/− 4get mice to study the development and function of polyclonal type II NKT cells.
Previous studies with type II NKT cell hybridomas have identified several self-lipid antigens recognized by type II NKT cells, including phospholipids, β-GlcCer, and sulfatide (27, (36) (37) (38) (39) (40) . Interestingly, we found that 4get + type II NKT cells are potently activated by β-GlcCer containing C12:0 and C24:1 acyl chains, suggesting that a significant proportion of type II NKT cells recognize β-GlcCer. Therefore, it is conceivable that increased levels of β-GlcCer during infection could also lead to type II NKT cell activation. Consistent with a recent study, we found that Lyso-PE has a stimulatory effect on 4get + type II NKT cells, albeit less potently than β-GlcCer (41). In contrast, sulfatide failed to stimulate detectable cytokine response by 4get + type II NKT cells. Therefore, type II NKT cells defined by this method likely represent a population distinct from those identified by CD1d/sulfatide tetramers. This notion is further 
4get, and CD1d
−/− 4get mice were injected with either PBS or 40 μg of CpG.
Twenty-four hours later, splenocytes were isolated and stained with mAbs to CD69, B220, CD8α, CD4, NK1.1, and TCRβ. Bar graphs show the mean fluorescence intensity (MFI) of CD69 on indicated cell populations (n = 4 per group). Data are representative of three experiments. *P < 0.05.
supported by the fact that most CD1d/sulfatide tetramer + cells are phenotypically distinct from 4get + type II NKT cells: they have been shown to be CD69 low and preferentially use the Vα3/ Vα1 and Vβ8.1/Vβ3.1 segments (42) .
Our data suggest that type II NKT cells might be inherently prone to producing a higher ratio of IL-13 to IFN-γ upon TCR stimulation. Indeed, IL-13 production by type II NKT cells has been indicated as a crucial factor for their pathogenic role in several disease settings. For example, an increased frequency of IL-13-producing type II NKT cells has been found in patients with ulcerative colitis (4) and multiple myeloma (7) . Furthermore, in several tumor models, type II NKT cells suppress immunosurveillance through the secretion of IL-13 (20, 21) . Previous studies have shown that the strength of TCR signal affects the types of cytokines type I NKT cells produce. GM-CSF and IL-13 require the least stimulation, followed by IFN-γ and IL-4 (43). It is possible that the threshold for type II NKT cells to mount a similar level of activation is higher than that for type I NKT cells. However, different antigens can skew type I NKT cells to either Th1 or Th2 directions. Thus, how type II NKT cells respond to different antigens needs to be further investigated.
Similar to type I NKT cells, we found that type II NKT cells can be activated by CpG, leading to IFN-γ production. Previous studies have shown that the activation of type I NKT cells by CpG can amplify downstream activation of NK cells (33) . Although we did not detect a significant effect of type II NKT cells on the activation and function of NK cells, we found that the presence of type II NKT cells enhanced the activation and function of CD8 + T cells and contributed to the antitumor effect of CpG in the B16 melanoma model. It is possible that early production of IFN-γ by type II NKT cells in response to CpG enhances the maturation and function of DCs, thereby promoting tumor-specific CD8
+ T-cell responses. Our finding that
CpG treatment induces IFN-γ production by type II NKT cells is in agreement with a study by Paget et al. (33) showing that splenocytes from CD1 −/− mice produced less IFN-γ compared with Jα18
−/− mice in response to either ODN1826 or ODN1668 (Fig. 5 and Fig. S6 ). However, our data are contradictory with a study by Sfondrini et al. (44) , which reported that CpG-dependent tumor growth inhibition was only observed in the absence of type II NKT cells in B16 melanoma model and that splenocytes from CD1d −/− mice produced higher levels of IFN-γ compared with Jα18 −/− and WT mice upon CpG stimulation. Recent reports suggest that housing conditions may alter the function of type I NKT cells (45) . Therefore, it is possible that the conflicting data are a result of such a variable or genetic heterogeneity of mutant mice used in these studies.
The nature and function of type II NKT cells especially on a polyclonal level are poorly understood. In this study we characterized polyclonal type II NKT cells and compared them head to head with type I NKT cells. Our data indicate that type I and type II NKT cells may function differently upon activation. This warrants the study of type II NKT cells in greater depth, especially with evidence showing type II NKT cells as the dominant subset in humans. We also demonstrated the feasibility of manipulating the function of type II NKT cells by CpG and shifting their role from immunosuppressive to protective in tumor immunity. Our data suggest that CpG-activated type II NKT cells have potential to be therapeutically harnessed for cancer treatment.
Materials and Methods
Mice. Jα18 Reagents and Antibodies. CpG ODN 1826 (5′-tccatgacgttcctgacgtt-3′) and ODN 1668 (5′-tccatgacgttcctgatgct-3′) were synthesized at Integrated Device Technology. CD1d/α-GalCer tetramers were provided by the National Institutes of Health tetramer facility. Lipid antigens were obtained from Avanti Polar Lipids. The generation of CD1d-specific mAb 5C6 has been described previously (52) . Fluorochrome-labeled mAbs against mouse B220, CD4, CD8α, CD11b, CD11c, CD25, CD45.2, CD44, CD62L, CD69, IL-4, IFN-γ, NK1.1, Ly6G, Foxp3, IL-13, GM-CSF, CD122, ICOS, β7 integrin, CD45RB, TCRβ, Vα3.2, Vα8.3, Vα11.1, Vβ2, Vβ3, Vβ4, Vβ5.1/5.2, Vβ6, Vβ7, Vβ8.1/8.2, Vβ9, Vβ10b, Vβ11, Vβ12, and Vβ14 were purchased from eBioscience, BD Biosciences, or BioLegend.
Flow Cytometry. For cell surface staining, cells were incubated with anti-CD16/ 32 mAb before staining with the appropriate combinations of mAbs. PLZF expression was analyzed via intracellular staining using the FoxP3 staining buffer set (eBioscience) with anti-PLZF mAb (Santa Cruz Biotechnology). For intracellular cytokine staining, cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% saponin, and then stained with anti-cytokine mAbs. Flow cytometry was performed with a FACS Canto II (BD Biosciences) and analyzed using FlowJo software (Tree Star).
Cell Preparations and NKT Cell Sorting. Cell suspension of thymus, spleen, and liver were prepared as described previously (53) . BMDCs were prepared using GM-CSF and IL-4 as previously described (48) . Tumor-infiltrating cells were isolated by digestion with 1 mg/mL collagenase and 100 μg/mL DNase at 37°C for 30 min. For sorting type I NKT cells, hepatic leukocytes from 4get mice were stained with CD1d/α-GalCer tetramers and anti-B220. NKT Cell Stimulation and Cytokine Analysis. For antigen stimulation, sorted type I and II NKT cell were cultured in vitro for 7 d as described previously (54), except cells were cultured in the medium containing IL-7 (2 U/mL) and IL-15 (50 ng/mL) from day 5 to day 7. NKT cells (0.5-1 × 10 5 cells) from the short- for CpG groups). ***P < 0.001; **P < 0.01; *P < 0.05.
term culture were stimulated with α-GalCer (10 ng/mL) or other lipid antigens (20 μg/mL) in the presence of either WT or CD1 Cytokines in the supernatant were detected using Cytometric Bead Array or by ELISA.
RNA Extraction and Quantitative Real-Time PCR. RNA from sorted NKT cells was extracted using the RNeasy kit (Qiagen). After reverse transcription, equal amounts of cDNA were subjected to PCR using specific Vα and Cα primers (25, 26) . Real-time PCR was performed on an i-cycler (BioRad) using SYBR Green Master Mix (BioRad).
B16 Melanoma Model. Mice were inoculated s.c. with 3 × 10 5 B16 melanoma cells. Eight days later, mice were treated with either PBS or CpG ODN1826 (40 μg in 100 μL of PBS) daily for 5 d at the tumor site. Two perpendicular diameters of the tumor mass were measured every 2 d, and tumor volumes were calculated as: π/6 × length × width 2 .
Statistical Analysis. Mean values were compared using unpaired Student t tests. All statistical analyses were performed using Prism software. Results with a value of P < 0.05 were considered significant.
